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Abstract
A recent re-analysis of EGRET data by Dixon et al. [1] has led to the discovery of a
statistically signicant diuse γ-ray emission from the galactic halo. We show that
this emission can naturally be accounted for within a previously-proposed model
for baryonic dark matter, according to which dark clusters of brown dwarfs and
cold self-gravitating H2 clouds populate the outer galactic halo and can show up in
microlensing observations. Basically, cosmic-ray protons in the galactic halo scatter
on the clouds clumped into dark clusters, giving rise to the observed γ-ray flux.
We derive maps for the corresponding intensity distribution, which turn out to be
in remarkably good agreement with those obtained by Dixon et al. [1]. We also
demonstrate that the newly discovered halo γ-ray emission cannot be explained
in terms of a nonstandard inverse-Compton production mechanism in the galactic
disk. Finally, we address future prospects to test our predictions.
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1 Introduction
Observations of the diuse γ-ray emission during the last twenty years 5 have
been successfully interpreted in terms of a two-folded structure
? a highly anisotropic component strongly concentrated along the galactic
disk,
? an apparently isotropic component.
While the former is evidently galactic in nature - being actually accounted
for by cosmic ray (CR) interactions in the interstellar medium (ISM) [3] - the
origin of the latter still remains an unsettled issue in high-energy astrophysics.
We will restrict our attention to the latter component throughout the present
paper.
We begin by recalling that the rst measurement by SAS II gave [4,5]
γ(> 0:1GeV) = (1:3 0:5) 10−5 γ cm−2 s−1 sr−1 : (1)
Subsequently, EGRET observations have basically conrmed this result, nd-
ing [6]
γ(> 0:1GeV) = (1:45 0:05) 10−5 γ cm−2 s−1 sr−1 : (2)
As far as the slope of the considered γ-ray spectrum is concerned, the SAS II
result −2:35+0:4−0:3 has been considerably improved as −(2:100:03) by EGRET.
We stress that the above-mentioned two components of the γ-ray background
have a signicantly dierent spectrum, since that of the anisotropic emission
is harder at low energies (100 MeV to 1 GeV) and steeper at high energies (1
GeV to 50 GeV).
For our purposes, it is useful to rewrite eq. (2) in the form
γ(> 1GeV) = (1:14 0:04) 10−6 γ cm−2 s−1 sr−1 : (3)
A question naturally arises. Where does the γ-ray emission in question come
from? No doubt, its characteristic isotropy calls for an extragalactic origin -
an option which is further supported by the fact that it ts remarkably well
with the extragalactic hard X-ray background [5].
5 A comprehensive account of these matters as well as of their theoretical explana-
tions can be found in [2].
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The next question to address is whether the considered γ-ray background
arises from a truly diuse process or rather from the contribution of very many
unresolved point sources. Either option has received considerable attention.
Among the theories of diuse origin are a baryon-symmetric Universe [7],
primordial black hole evaporation [8,9], early collapse of supermassive black
holes [10], a new population of Geminga-like pulsars [11] and WIMP (Weakly
Interacting Massive Particle) annihilation (see e.g. [12]). Models based on
discrete source contribution include a variety of possibilities. What is clear
since a long time is that normal galaxies fail to account for the observed
isotropic background, at least as long as their disk emission is considered
[4], [13]-[15]. For, on one hand the corresponding intensity falls shorter by a
factor  10 with respect to the detected flux. On the other hand, they would
give rise to an energy spectrum dierent from the observed one (as remarked
above). A more realistic option is provided by active galaxies [16,17]. Indeed,
blazars seem to yield a successful explanation of the isotropic γ-ray emission,
since the corresponding spectral index turns out to be −(2:15  0:04) [18]-
[22]. Finally, a somewhat hybrid model has recently been proposed, in which
the isotropic γ-ray background is produced in clusters of galaxies through the
interaction of CRs with the hot intracluster gas [23]. However, this model
has been severely criticized [24,25]. In fact, it gives rise to a γ-ray spectral
index in disagreement with the observed one (this objection is the same as
that previously made for normal galaxies) and relies upon a value for the
CR density in the intracluster space which is too high to be plausible. More
generally, it has been demonstrated that the contribution to the isotropic γ-ray
emission from clusters of galaxies is negligible [25].
Quite recently, Dixon et al. [1] have re-analyzed the EGRET data concern-
ing the diuse γ-ray flux with a wavelet-based technique, using the expected
(galactic plus isotropic) emission as a null hypothesis. They nd a statisti-
cally signicant diuse emission from an extended halo surrounding the Milky
Way. This emission traces a somewhat flattened halo and its intensity at high-
galactic latitude is [1]
γ(> 1GeV) ’ 10−7 − 10−6 γ cm−2 s−1 sr−1 : (4)
Clearly, the comparison of eqs. (3) and (4) entails that the newly discovered
halo γ-ray flux is a relevant fraction of the standard isotropic diuse emission
(at least for Eγ > 1 GeV).
Our aim is to show that the observed halo γ-ray emission naturally arises
within a previously-proposed model for baryonic dark matter, according to
which dark clusters of brown dwarfs and cold self-gravitating H2 clouds popu-
late the outer galactic halo and can show up in microlensing observations [26]-
[30]. Basically, CR protons in the galactic halo scatter on the clouds clumped
into dark clusters, giving rise to the newly discovered γ-ray flux.
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Although we already pointed out that a signature of the model is a diuse
γ-ray emission from the galactic halo [26,27], a more thorough study - to be
reported in the present paper - is required both to settle the issue and to
compare the predicted intensity distribution with the observed one. A short
account of these results has been presented elsewhere [31]. Here, we provide a
more exhaustive analysis. In addition, we demonstrate that the halo γ-ray flux
found by Dixon et al. [1] cannot be explained in terms of a nonstandard inverse-
Compton (IC) production mechanism in the galactic disk. Furthermore, we
estimate the γ-ray emission from the nearby M31 galaxy.
The paper is organized as follows. In Section 2 we briefly recall the main
features of our model for baryonic dark matter in the galactic halo. In Section
3 we discuss the γ-ray flux from CR proton interactions with the ISM in the
galactic disk. Section 4 is devoted to the study of the γ-ray flux due to IC
scattering of electrons o background IR and UV photons. In Section 5 we
address the CR connement in the galactic halo and we estimate the CR
energy density. In Section 6 we compute the total halo γ-ray flux - produced
by the clouds clumped into dark clusters - as detected on Earth. In Section
7 we present the corresponding intensity maps, comparing them with those
pertaining to ISM and IC emission from the galactic disk. Finally, in Section
8 we address future prospects to test our predictions.
2 Dark clusters in the galactic halo
As is well known, the galactic halo chiefly consists of dark matter. A natural
possibility - repeatedly considered in the past [32,33] - is that baryonic dark
matter makes a substantial contribution. Whether or not baryonic dark matter
is the end of the story - at the level of individual galaxies - is obviously an open
question. Yet, the discovery of microlensing events towards the LMC [34]-[36]
entails that a nonnegligible fraction of baryonic dark matter presumably lurks
in the galactic halo in the form of MACHOs (Massive Astrophysical Compact
Halo Objects).
What is the physical nature of MACHOs? The rst-year data were manifestly
consistent with the assumption that MACHOs are brown dwarfs, even within
the standard (isothermal) halo model. Unfortunately, the present situation is
much less clear. Given that it seems very unlikely that MACHOs are white
dwarfs [37,38], some variations on the theme of brown dwarfs have been ex-
plored. An option is that the halo resembles more closely a maximal disk
rather than an isothermal sphere, in which case MACHOs can still be brown
dwarfs 6 . A more intriguing possibility has recently been suggested by Kerins
6 It should be kept in mind that a large fraction of MACHOs (up to  50% in
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and Evans [39]. As the initial mass function can change with the galactocentric
distance R, 7 it can well happen that brown dwarfs dominate the halo mass
density without however dominating the optical depth for microlensing.
A few years ago, we recognized that the Fall & Rees theory for the formation
of globular clusters [41]-[43] also leads to the existence of dark clusters - made
of brown dwarfs 8 and cold self-gravitating H2 clouds
9 - at galactocentric
distances R > 10 kpc [26]-[30]. Accordingly, the inner halo is populated by
globular clusters, whereas the outer halo is dominated by dark clusters. Below,
we summarize the main features of our model.
As we said, our scenario encompasses the one originally proposed by Fall &
Rees [41] to explain the origin of globular clusters. After its initial collapse,
the proto galaxy (PG) is expected to be shock heated to its virial temperature
 106 K. Because of thermal instability, density enhancements rapidly grow as
the gas cools. Actually, overdense regions cool more rapidly than average, and
so proto globular cluster (PGC) clouds form in pressure equilibrium with hot
diuse gas. When the PGC cloud temperature reaches  104 K, hydrogen re-
combination occurs: at this stage, their mass and size are  105(R=kpc)1=2 M
and  10 (R=kpc)1=2 pc, respectively. Below 104 K, the main coolants are H2
molecules and any heavy element produced in a rst chaotic galactic phase.
As we shall see in a moment, the subsequent evolution of the PGC clouds will
be very dierent in the inner and outer part of the Galaxy, depending on the
decreasing UV flux as R increases.
As is well known, in the central region of the Galaxy an Active Galactic Nu-
cleus (AGN) and a rst population of massive stars are expected to form, which
act as strong sources of UV radiation which dissociates the H2 molecules. It
is not dicult to estimate that H2 depletion should occur for galactocentric
distances smaller than 10− 20 kpc. As a consequence, cooling is heavily sup-
pressed in the inner halo, and so the PGC clouds here remain for a long time
at temperature  104 K, resulting in the imprinting of a characteristic mass
 106M. Eventually, the UV flux will decrease, thereby permitting the for-
mation of H2. As a result, the cloud temperature drops below  104 K and
the subsequent evolution leads to star formation and ultimately to globular
clusters.
Our main point is that in the outer halo { namely for galactocentric distances
larger than 10−20 kpc { no substantial H2 depletion should take place (owing
mass) can be binary systems, thereby counting as twice more massive objects.
7 Evidence for a spatially varying initial mass function in the galactic disk has been
reported [40].
8 Although we concentrate our attention on brown dwarfs, it should be mentioned
that red dwarfs as well can be accommodated within the considered model.
9 Similar models have also been proposed in [44]-[50].
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to the distance suppression of the UV flux). Therefore, the PGC clouds cool
and contract. When their number density exceeds  108 cm−3, further H2 is
produced via three-body reactions (H +H +H ! H2 +H and H +H +H2 !
2H2), which makes in turn the cooling eciency increase dramatically. This
fact has three distinct implications: (i) no imprinting of a characteristic PGC
cloud mass shows up, (ii) the Jeans mass can drop to values considerably
smaller than  1 M, and (iii) the cooling time is much shorter than the
free-fall time. As pointed out by Palla, Salpeter & Stahler [51], in such a
situation a subsequent fragmentation occurs into smaller and smaller clouds,
which remain optically thin to their own radiation. The process stops when
the clouds become optically thick to their own line emission { this happens
when the Jeans mass gets as low as  10−2 M. In this manner, dark clusters
should form, which contain brown dwarfs in the mass range 10−2 − 10−1 M.
Typical values of the dark cluster radius are  10 pc.
Some remarks are in order.
A characteristic feature of the model in question is a spatially varying initial
mass function in the galactic halo. This fact is in agreement with a similar
circumstance concerning the galactic disk [40] and makes our model a natural
context for the above-mentioned Kerins-Evans proposal [39].
It seems quite natural to suppose that { much in the same way as it occurs for
ordinary stars { also in this case the fragmentation process which gives rise
to individual brown dwarfs should produce a substantial amount of binary
brown dwarfs. It is important to notice that the mass fraction of primordial
binaries can be as large as 50% [52]. Hence, we see that MACHOs consist of
both individual and binary brown dwarfs in the present scenario.
We do not expect the fragmentation process to be able to convert the whole
gas in a PGC cloud into brown dwarfs. For instance, standard stellar formation
mechanisms lead to an upper limit of at most 40% for the conversion eciency.
Thus, a substantial fraction f of the primordial gas { which is mostly H2 {
should be left over. As brown dwarfs do not give rise to stellar winds, this gas
should remain conned within the dark clusters. Were this gas diuse (inside
the dark clusters), it would have been observed in optical and radio bands, but
this is not the case. So, we conclude that it should be mostly in the form of
cold self-gravitating clouds. Even if these clouds are primarily made of H2, we
expect them to be surrounded by an atomic layer and a photo-ionized \skin".
Typical values of the cloud radius are  10−5 pc.
We stress that the presence of cold self-gravitating H2 clouds in the halo is a
further characteristic feature of our model. Remarkably enough, quite recently
it has been pointed out [53] that clouds of the considered kind naturally explain
the \extreme scattering events" associated with compact radio quasars [54].
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Moreover, also these clouds can give rise to microlensing events [55].
As already mentioned, yet another characteristic feature of the model is halo γ-
ray production through the interaction of high-energy CR protons with cloud
protons. This topic will be dealt with in great detail in the next Sections.
3 Proton-proton interaction in the galactic disk
Among the interactions producing diuse γ-rays in the galactic disk, the two
which are dominant at high-energy are proton-proton interaction between
CRs and matter, and IC scattering of electrons with low-energy photons.
Bremsstrahlung of electrons by matter can also give rise to secondary γ-rays,
but this eect can be neglected in the high-energy region of the spectrum
above 100 MeV [56].
Proton-proton interactions between CRs and matter produce charged and
neutral pion secondaries, whose multiplicities depend on the collision energy.
Neutral pions decay directly mostly into two γ-rays. In order to estimate the γ-
ray contribution from proton-proton interactions of CRs with the ISM, we have
to know the ISM distribution throughout the Galaxy. As is well known, the
ISM is made of two components: atomic (HI) and molecular (H2) hydrogen
gas. Although the HI distribution is clumpy, it can well be tted by the
following smooth law




where R is here the projected galactocentric distance on the galactic plane (ex-
pressed in kpc). We adopt the vertical HHI = 0:16 kpc and horizontal hHI = 5
kpc scale lengths as derived in [57] and [58], respectively. The normalization
in eq. (5) is such that the total HI mass in the Galaxy is 4:8 109 M.
Similarly, the irregular H2 distribution can be tted by the smooth expression




where we use the vertical scale length HH2 = 3:5(R=kpc) + 35 pc, for R  10
kpc and HH2 = 41:6(R=kpc)−341 pc, for 10 kpc < R < 15 kpc as determined
in [59]. In addition, the horizontal scale length is hH2 = 4 kpc, following [60].
The normalization in eq. (6) corresponds to a total H2 mass in the Galaxy of
1:2 109 M.
According to the Leacky Box Model, the CR distribution in the galactic disk
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can be written as [56]
CR(R; E) = fCR(R) 

CR(E) ; (7)
where fCR(R)  nCR(R)=nCR(R0) and R0 = 8:5 kpc is our galactocentric
distance. The z-dependence has been neglected, since the CR scale height is
much higher than that of the ISM. Furthermore, the measured primary CR








particles cm−2 s−1 sr−1 : (8)
The R-dependance of fCR(R) can be obtained by using a best t procedure
to the data in Figure 11 of [62], which yields
fCR(R) = e
[0:48−0:36(R=R0)−0:12(R=R0)2] : (9)
Therefore, the γ-ray flux with energy > Eγ on Earth arising from the interac-
tion of CR protons with the ISM in the disk is
 ISMγ (> Eγ; l; b) =
∫1
0 d nISM (; l; b) fCR(; l; b)
∫1
Eγ
qISM( Eγ) d Eγ :
(10)
Here,  denotes the distance from Earth, whereas (l; b) are the standard
galactic coordinates. Moreover, qISM(Eγ) is the γ-ray production function per
atom of ISM resulting from the flux CR(E) and nISM(; l; b) = nHI(; l; b) +
nH2(; l; b).
It is convenient to rewrite eq. (10) as
 ISMγ (> Eγ ; l; b) = S1(l; b) S2(> Eγ) ; (11)









qISM( Eγ) d Eγ γ s
−1 sr−1 : (13)
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Table 1
The galactic diuse γ-ray intensity at high-galactic latitude arising from proton-
proton interaction of CRs with the ISM (in units of 10−7 γ cm−2 s−1 sr−1), together
with the corresponding total mass for both gas components.
M Eγ  ISMγ (b = 900)
(M) (GeV)
HI 4:8 109 > 0:1 54
> 1:0 6:2
H2 1:2 109 > 0:1 9:1
> 1:0 1:0
Several calculations of the γ-ray production function from the decay of neutral
pions have been made [63]-[65] and qISM(Eγ) - in units of γ s
−1 sr−1 GeV−1 -




for 0:01 GeV < Eγ < 1:5 GeV
2:63 10−27 E −2:71γ
for 1:5 GeV < Eγ < 7:0 GeV
3:66 10−27 E −2:86γ
for 7:0 GeV < Eγ ;
(14)
where W  ln Eγ and the energy Eγ is expressed in GeV. The resulting total
γ-ray production rates are S2(> 0:1 GeV) = 1:22  10−26 γ s−1 sr−1 and
S2(> 1 GeV) = 1:42 10−27 γ s−1 sr−1 .
Mori [65] addressed the uncertainties in S2(> Eγ) coming from those aecting
the CR spectrum, getting S2(> 0:1 GeV) = 1:30  0:55  10−26 γ s−1 sr−1
and S2(> 1 GeV) in the range (1:13−1:97)10−27 γ s−1 sr−1. So, the above
values for the γ-ray production rates turn out to be the average values found
by [65].
Our numerical values for  ISMγ (> Eγ ; l; b) are displayed in Table 1 for b = 90
0.
We note that  ISMγ (> Eγ; l; b) is almost l-independent, owing to the low scale
height of the ISM.
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4 Inverse-Compton scattering in the galactic disk
CR electrons interact with the galactic radiation eld and produce γ-rays
through IC interaction. The electron injection spectrum which best ts the
locally observed electron spectrum is given by the following power-law valid
for Ee > 10 GeV (see e.g. [67])
Ie(Ee; ; l; b) = K(; l; b)E
−a
e e
− cm−2 s−1 sr−1 Gev−1 ; (15)
with a ’ 2:4 and K0  K(0) ’ 6:310−3 e− cm−2 s−1 sr−1 Geva−1 (the value
of K0 is obtained by normalizing eq. (15) with the observed local CR electron
spectrum at 10 GeV). Since a is somewhat model-dependent (in particular it
depends on the diusion processes), its actual value is not well determined,
and indeed it could be even as low as a ’ 2 [68]. However, what is relevant
is the electron spectrum where the γ-ray production occurs. Due to diusion
processes, the value of a is expected to increase with the distance from the
galactic plane where the electrons are mostly produced. Since we do not take
this increase into account, our calculations will rather give an upper bound
on the IC contribution.
In order to estimate the galactic radiation eld, we adopt the model of Mazzei,
Xu & De Zotti [69] for the photometric evolution of disk galaxies. This model
reproduces well the present broad-band spectrum of the Galaxy over about
four decades in frequency, from UV to far-IR. Accordingly, the two main contri-
butions to the galactic radiation eld come from stars at wavelength   1m
and diuse dust at   100m. The total stellar luminosity of the Galaxy is
L?  3:5  1010 L and the amount of starlight absorbed and re-emitted by
dust is Ld  1:2 1010 L. As regards to the photon energy distribution, we
can roughly approximate the emission spectrum (see Fig. 4 in [69]) with the
sum of two Planck functions with temperature T?  2900 K and Td  29 K,
respectively.
According to the previous assumptions, the source function qph(Eγ) for γ-ray













Here < ph(T?;d) >’ 8kT?;d=3 is the average energy of background photons
emitted by stars or dust and T is the Thompson cross-section. In deriving eq.
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(16), use is made of the fact that the γ-ray energy is related to the electron










so that very high-energy electrons are needed in order to produce γ-rays. For
example, a γ-ray with Eγ ’ 1 GeV produced by this mechanism requires
Ee ’ 170 GeV for a target photon emitted by dust, while Ee ’ 17 GeV is
demanded for starlight.
The intensity of diuse galactic γ-rays of energy > Eγ produced in this way
and coming to Earth along the line-of-sight (l; b) turns out to be
 ICγ (> Eγ; l; b) =
∫1
0 d < nph (; l; b) > fe(; l; b) 
∫1
Eγ
qph( Eγ) d Eγ γ cm
−2 s−1 sr−1 ;
(18)
where we have introduced the function fe(; l; b)  K(; l; b)=K0 as the ratio of
the electron CR intensity relative to the local intensity, while < nph(; l; b) >
is the average density of background photons.
Let us next focus our attention on the functions fe(; l; b) and < nph(; l; b) >.
As is well known, the electron component of CRs is galactic in origin, mainly
produced by supernovae and pulsars located inside the disk. Electrons diuse
through the Galaxy and their distribution is energy-dependent and not uni-
form, namely, the characteristic diusion length scale gets smaller for higher
electron energy. This feature cannot be described in the framework of the
widely used Leaky Box Model, and in order to obtain the electron density at
an arbitrary point in the Galaxy one has to resort to the transport equation
(see e.g. [56]). Unfortunately, several fairly unknown parameters enter this
equation, like the electron diusion coecient, the rate at which electrons
lose energy, the density of sources and the electron spectrum.
An alternative approach relies upon the experimental evidence of the thick
disk 10 , in which high-energy electrons may be retained for a long time before
escaping into the galactic halo. Indeed, the observed characteristics of the
radio emission spectra of our and other galaxies lead to a relative density
distribution of electrons fe(R0; z)  ne(z)=ne(0) extending up to 5 − 12 kpc
perpendicularly to the galactic plane, as shown in Fig. 5.29 of [56]. These
numerical results can be approximated by fe(R0; z) = exp[−(z=ze)3=2], with a
10 Often dened as \halo" by the CR community.
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scale height ze ranging from 2:0 kpc to 3:5 kpc for Ee decreasing from 10
3 GeV
to 30 GeV. In the lack of any further information, we assume that fe(R; z)
has the same R-dependence as visible matter, namely
fe(R; z) = e
−(z=ze)3=2e−(R−R0)=he ; (19)
with scale length he ’ 3:5 kpc.
The last quantity to be specied in eq. (18) is the average background photon
density < nph(; l; b) > or, equivalently, the background photon flux ph(; l; b)
emitted by stars and dust
< nph(; l; b) > =
ph(; l; b)
c
γ cm−3 : (20)
Note that the photon flux dph(; l; b) at a point P (; l; b) from the solid angle
dΩ subtended by an innitesimal area da0 centered in P 0(R0; 0; z0 = 0) on the
galactic plane is given by





cos ; γ cm−2 s−1 (21)
where  is the angle between the normal to the area da0 and the direction PP 0.
We can trace the surface brightness I?;d(R
0) to the stellar/dust distribution.
Recalling eq. (19), we set
I;d(R0) = A;de−(R
′−R0)=he γ cm−2 s−1 ; (22)





2 < ph(T?;d) >
γ s−1 : (23)
In this way, we get A? = 4:71 1020 γ cm−2 s−1 and Ad = 1:64 1022 γ cm−2
s−1, with Rd ’ 15 kpc. By integrating eq. (21) on the galactic disk, we nd










γ cm−2 s−1 : (24)
Finally, by using eqs. (20), (22) and (24) - and recalling eq. (16) - eq. (18) can
be rewritten in the form
 ICγ (> Eγ; l; b) = J1(l; b) J2(> Eγ) γ cm
−2 s−1 sr−1 ; (25)
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Table 2
The galactic diuse γ-ray intensity due to IC scattering of high-energy electrons on
background photons from stars and dust is given (in units of 10−7 γ cm−2 s−1 sr−1)
for a = 2:0; 2:4 and 2:8. The results for a = 2; 2:8 are reported for illustrative
purposes. We adopt the following values: T = 2900 K, L = 3:5  1010 L and
Td = 29 K, Ld = 1:5 1010 L.
ze Eγ  ICγ (90
0)  ICγ (90
0)  ICγ (90
0)
(kpc) (GeV)
a = 2:0 a = 2:4 a = 2:8
stars 3.5 > 0:1 3:8 3:5 3:4
> 1:0 1:2 0:7 0:4
dust 2.5 > 0:1 12 4:4 1:7
> 1:0 3:8 0:9 0:2
where we have set













J2(> Eγ)  A;d
2c





E−(a+1)=2γ d Eγ γ cm
−3 s−1 sr−1 :
(27)
Numerical values of  ICγ (> Eγ; l; b) at high-galactic latitude are exhibited in
Table 2 and plotted in Fig. 3.
5 Cosmic ray confinement in the galactic halo
Neither theory nor observation allow at present to make sharp statements
about the propagation of CRs in the galactic halo 11 . Therefore, the only
11 We stress that - contrary to the practice used in the CR community - by halo we
mean the (almost) spherical galactic component which extends beyond  10 kpc.
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possibility to get some insight into this issue rests upon the extrapolation
from the knowledge of CR propagation in the disk. Actually, this strategy
looks sensible, since the leading eect is CR scattering on inhomogeneities of
the magnetic eld over scales from 102 pc down to less than 10−6 pc [56] and
- according to our model - inhomogeneities of this kind are expected to be
present in the halo as well, because of the existence of molecular clouds - with
a photo-ionized \skin" - clumped into dark clusters. Indeed, typical values of
the dark cluster radius are  10 pc, whereas typical values of the cloud radius
are  10−5 pc [30].
As is well known, CRs up to energies of  106 GeV are conned in the galac-
tic disk for  107 yr. It can be shown that in the diusion model for the





















where D(E) is the diusion coecient, and hd and Rh are the half-thickness
of the disk and the radius of the connement region, respectively. We remind
that - for CR propagation in the disk - the diusion coecient is D(E) ’
D0 (E=7 GeV )
0:3 cm2 s−1 in the ultra-relativistic regime, whereas it reads
D(E) ’ D0 ’ 3 1028 cm2 s−1 in the non-relativistic regime [56].
CRs escaping from the disk will further diuse in the galactic halo, where
they can be retained for a long time, owing to the scattering on the above-
mentioned small inhomogeneities of the halo magnetic eld 12 .
Indirect evidence that CRs are in fact trapped in a low-density halo has re-
cently been reported. For example, Simpson & Connell [71] argue that, based
on measurements of isotopic abundances of the cosmic ratio 26Al/27Al, the CR
lifetimes are perhaps a factor of four larger than previously thought, thereby
implying that CRs traverse an average density smaller than that of the galactic
disk.
A straightforward extension of the diusion model implies that the CR escape
time  Hesc from the halo (of size RH  Rh  100 kpc, much larger than the





12 A similar idea has been proposed with a somewhat dierent motivation in [70].
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where DH(E) is the diusion coecient in the galactic halo.
As a matter of fact, radio observations in clusters of galaxies yield for the cor-
responding diusion constant D0 a value similar to that found in the galactic
disk [72] 13 . So, it looks plausible that a similar value for D0 also holds on
intermediate length scales, namely within the galactic halo. In the lack of any
further information on the energy-dependence of DH(E), we assume the same
dependence as that established for the disk. Hence, from eq. (29) we nd that
for energies E < 103 GeV the escape time of CRs from the halo is greater than
the age of the Galaxy t0 ’ 1010 yr (notice that below the ultra-relativistic
regime  Hesc gets even longer). As a consequence - since the CR flux scales
like E−2:7 (see next Section) - protons with E < 103 GeV turn out to give the
leading contribution to the CR flux.





’ 0:12 eV cm−3 ; (30)
where LG ’ 1041 erg s−1 is the galactic CR luminosity. Notice, for comparison,
that  HCR turns out to be about one tenth of the disk value [61]. In fact, this
value is consistent with the EGRET upper bound on the CR density in the
halo near the SMC [74].
We remark that, in order to make a quantitative estimate, we have taken spe-
cic realistic values for the various parameters entering the above equations.
However, somewhat dierent values can be used. For instance, RH may range
up to  200 kpc [75], whereas D0 might be as large as ’ 1029 cm2 s−1 con-
sistently with our assumptions. Moreover, LG can be as large as 3 1041 erg
s−1 [76]. It is easy to see that these variations do not substantially aect our
previous conclusions.
6 Gamma-ray emission from the galactic halo
We proceed to estimate the total halo γ-ray flux produced by the clouds
clumped into dark clusters through the interaction with high-energy CR pro-
tons. CR protons scatter on cloud protons giving rise (in particular) to neu-
tral pions, which subsequently decay into photons. We expect negligible high-
13 Moreover, we note that average magnetic eld values in galactic halos are expected
to be close to those of galaxy clusters, i.e. between 0.1 G and 1 G [73].
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energy ( 100 MeV) γ-ray photon absorption outside the clouds, since the
mean free path is orders of magnitudes larger than the halo size.









particles cm−2 s−1 sr−1 : (31)
The constant A is xed by the requirement that the integrated energy flux
agrees with the above value of HCR. Explicitly∫
dΩ dE E HCR(E) ’ 5:7 10−3 erg cm−2 s−1 ; (32)
where for deniteness we take the integration range to be 1 GeV  E 
103 GeV. A nontrivial point concerns the choice of . As an orientation, the
observed spectrum of primary CRs on Earth would yield  ’ 2:7. However,
this conclusion cannot be extrapolated to an arbitrary region in the halo (and
in the disk), since  crucially depends on the diusion processes undergone by
CRs. For instance, the best t to EGRET data in the disk towards the galactic
centre yields  ’ 2:45 [65], thereby showing that  gets increased by diusion.
In the lack of any direct information, we conservatively take  ’ 2:7 even in
the halo, but in Table 3 we report for comparison some results for dierent
values of . However, as it can be seen, the flux does not vary substantially.
Since the parametrization of the source function given in [66] - our eq. (14) -
has been derived by assuming a CR flux with  = 2:7, we have to use here a
more general treatment valid for any value of . Clearly for  = 2:7 we recover
Bertsch [66] result.
Let us next turn our attention to the evaluation of the γ-ray flux produced
in halo clouds through the reactions pp ! 0 ! γγ. Accordingly, the source
function qγ(> Eγ ; ; l; b) - yielding the photon number density at distance 
from Earth with energy greater than Eγ - is [61]
qγ(> Eγ ; ; l; b) =
4
mp












where the lower integration limit Ep(Eγ) is the minimal proton energy neces-
sary to produce a photon with energy > Eγ , 
n
p!(E) is the cross-section for
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Table 3
Halo γ-ray intensity at high-galactic latitude for a spherical halo evaluated for
Rmin = 10 and 15 kpc at energies above 0.1 GeV and 1 GeV, for dierent val-
ues of the CR spectral index  is given in units of 10−7 γ cm−2 s−1 sr−1.
Rmin Eγ   DMγ (b = 900)
(kpc) (GeV)
10 > 0:1 2.45 62
2.70 59
3.00 49
10 > 1:0 2.45 11
2.70 6:7
3.00 3:3
15 > 0:1 2.45 37
2.70 35
3.00 29
15 > 1:0 2.45 6:5
2.70 4:0
3.00 1:9
the reaction pp ! n0 (n is the 0 multiplicity), H2(; l; b) is the gas density
in the clouds and nγ( Ep) is the photon multiplicity.
Unfortunately, it would be exceedingly dicult to keep track of the clumpiness
of the actual gas distribution, and so we assume that its density goes like the
dark matter density - anyhow, the very low angular resolution of γ-ray detec-
tors would not permit to distinguish between the two situations. Accordingly,
the smooth halo gas density prole reads
H2(x; y; z) = f 0(q)
~a2 + R20




x2 + y2 + z2=q2 > Rmin, (Rmin ’ 10 kpc is the minimal galactocentric
distance of the dark clusters in the galactic halo). We recall that f denotes the
fraction of halo dark matter in the form of gas, 0(q) is the local dark matter
density, ~a = 5:6 kpc is the core radius and q measures the halo flattening.
For the standard spherical halo model 0(q = 1) ’ 0:3 GeV cm−3, whereas it
turns out that e.g. 0(q = 0:5) ’ 0:6 GeV cm−3.
In order to proceed further, it is convenient to re-express qγ(> Eγ ; ; l; b) in
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terms of the inelastic pion production cross-section in(plab). Since









qγ(> Eγ; ; l; b) =
4
mp





CR( Ep) in(plab) < nγ( Ep) > ;
(36)
where H2(; l; b) is given by eq. (34) with x = − cos b cos l + R0, y =
− cos b sin l and z =  sin b.
For the inclusive cross-section of the reaction pp ! 0 ! γγ we adopt the
Dermer [64] parameterization
in(p) < nγ(Ep) >= 2 1:45 10−27 

0:0322 + 0:0406 + 0:0478 0:78  p  0:96
32:6(p− 0:8)3:21 0:96  p  1:27
5:40(p− 0:8)0:81 1:27  p  8:0
32lnp + 48:5p−1=2 − 59:5 p  8:0 ;
(37)
where p is the proton laboratory momentum in GeV/c, the factor 2 comes
from the fact that each pion decays into two photons, whereas 1.45 accounts
for the CR composition [64], which includes also heavy nuclei. The quantity
  (s−m
2
 − 4m2p − 4m24m2p)1=2
2ms1=2
; (38)
is expressed in terms of the Mandelstam variable s, and m and mp are the
pion and the proton mass, respectively.
Because dV = 2ddΩ, it follows that the observed γ-ray flux per unit solid
18





























Fig. 1. The γ-ray fluxes for the DM (solid lines, upper one for q = 1 and lower one
for q = 0:5), ISM (dotted line) and IC (dashed line) are shown as a function of the
galactic latitude b, in the cases (a) Eγ > 1 GeV, l = 00, (b) Eγ > 1 GeV, l = 1800,
(c) Eγ > 0:1 GeV, l = 00, (d) Eγ > 0:1 GeV, l = 1800. For the adopted parameters
see text.
angle is





d qγ(> Eγ ; ; l; b) : (39)
So, we nd
 DMγ (> Eγ; l; b) = f
0(q)
mp
I1(l; b) I2(> Eγ) ; (40)

















Ep) in(plab) < nγ( Ep) > ; (42)
and mp is the proton mass.
According to the discussion in Sections 2 and 5, typical values of 1(l; b) and
2(l; b) in eqs. (39) and (41) are 10 kpc and 100 kpc, respectively.
Numerical values for  DMγ in the cases  = 2:45; 2:7 and 3:0 are reported in
Table 3.
7 Discussion
Our main result are maps for the intensity distribution of the γ-ray emission
from baryonic dark matter (DM) in the galactic halo, and from ISM and IC
processes in the galactic disk. In order to make the discussion denite, we take
f ’ 0:5. As far as the IC emission is concerned, the standard spectral index
a = 2:4 is employed.
In Figures 1 we show the γ-ray intensities for the DM, ISM and IC contribu-
tions as a function of the galactic latitude b in the following cases:
(a) Eγ > 1 GeV, l = 0
0 ;
(b) Eγ > 1 GeV, l = 180
0 ;
(c) Eγ > 0:1 GeV, l = 0
0 ;
(d) Eγ > 0:1 GeV, l = 180
0.
As we can see, at high-galactic latitude (b > 600) the DM and ISM contri-
butions are comparable, while at low-galactic latitude IC and ISM dominate
(due to the low scale height of the electron and ISM distributions). We also
note that the DM γ-ray flux does not change substantially with the latitude,
as expected since the Earth galactocentric distance R0 = 8:5 kpc is small
compared with the extension of the halo (’ 100 kpc). The ISM flux is roughly
symmetric with respect to b = 900, due to the very low scale height of the
ISM distribution (’ 100 pc).
In Figures 2 we exhibits the contour plots in the rst quadrant of the sky
(00  l  1800, 00  b  900) for the halo γ-ray flux at energy Eγ > 1 GeV
 DMγ (> 1 GeV). Corresponding contour plots for Eγ > 0:1 GeV are identical,
up to an overall constant factor equal to 8.74, as follows from eq. (40).
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Fig. 2. Contour values for the γ-ray flux due to the DM at Eγ > 1 GeV are given
for the indicated values in units of 10−7 γ cm−2 s−1 sr−1, in the cases: (a) spherical
halo, (b) flattened halo with q = 0:5.
Figure 2a refers to a spherical halo, whereas Figure 2b pertains to a q = 0:5
flattened halo. Regardless of the adopted value for q,  DMγ (> 1 GeV) lies in
the range ’ 6−810−7 γ cm−2 s−1 sr−1 at high-galactic latitude. However, the
shape of the contour lines strongly depends on the flatness parameter. Indeed,
for q > 0:9 there are two contour lines (for each flux value) approximately
symmetric with respect to l = 900 (see Figure 2a). On the other hand, for
q < 0:9 there is a single contour line (for each value of the flux) which varies
much less with the longitude (see Figure 2b).
As we can see from Table 3 and Figures 2, the predicted value for the halo
γ-ray flux at high-galactic latitude is very close to that found by Dixon et
21







Fig. 3. Contour values for the γ-ray flux due to the IC at Eγ > 1 GeV are given for
the indicated values in units of 10−7 γ cm−2 s−1 sr−1.
al. [1] and reported in eq. (4). This conclusion holds almost irrespectively
of the flatness parameter. Moreover, the comparison of the overall shape of
the contour lines in our Figures 2a and 2b with the corresponding ones in
Figure 3 of [1] entails that models with flatness parameter q < 0:8 are in better
agreement with data, thereby implying that most likely the halo dark matter
is not spherically distributed.
In Figure 3 we present the contour plots for the γ-ray flux due to the IC
contribution, for Eγ > 1 GeV. The corresponding contour plots for Eγ > 0:1
GeV are identical, up to an overall constant factor equal to 5 (this follows
from eq. (27)). The contour lines decrease with increasing longitude.
We remark that eq. (40) yields  DMγ (> 0:1 GeV) ’ 5:9  10−6 γ cm−2 s−1
sr−1 at high-galactic latitude (for a spherical halo). This value is roughly 40%
of the diuse γ-ray emission of (1:45 0:05) 10−5 γ cm−2 s−1 sr−1 found by
the EGRET team [6]. So, our result supports the conclusion of Dixon et al.
[1] that the halo γ-ray emission is a relevant fraction of the standard isotropic
diuse flux also for Eγ > 0:1 GeV.
Finally, we would like to address the crucial question whether the newly dis-
covered halo γ-ray emission really calls for a dark matter source. For - given the
large uncertainties both in the electron hight scale and in the electron spectral
index a - one might suspect that a nonstandard IC mechanism could explain
Dixon et al. [1] result, while still being consistent with EGRET observations
of the disk emission. However, this is not the case. Indeed, the IC contour lines
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in Figure 3 decrease much more rapidly than the observed ones for the halo
γ-ray emission (see Figure 3 in [1]). Therefore, tting Dixon et al. [1] values
at high-galactic latitude would yield a too high IC flux at low-latitude. Thus,
the existence of γ-ray emitting halo dark matter looks compelling.
8 Gamma rays from the halo of M31
As M31 resembles our galaxy, the discovery of Dixon et al. [1] naturally leads
to the expectation that the halo of M31 should give rise to a γ-ray emission
as well. Below, we will try to address this issue in a quantitative manner,
assuming that the halo of M31 is structurally similar to that of our galaxy
and, of course, that our model for baryonic dark matter is correct.
We suppose that the various parameters entering the calculations in Sections
5 and 6 take similar values for M31 and for the Galaxy, apart from the M31
central dark matter density (0) ’ 2:510−24 g cm−3 and the M31 core radius
~a ’ 5 kpc. Accordingly, the evaluation of the corresponding flux  M31γ halo
proceeds as before, with only minor modications. Specically, we can use
again eq. (40) - with I2 still given by eq. (42) - but now I1 is to be replaced
by L1 (see below), in order to account for the dierent geometry. Notice that
f in eq. (40) presently denotes the fraction of halo dark matter of M31 in the
form of H2 clouds.
Consider a generic point P in the halo of M31, and let R and r denote its
distance from the centre O of M31 and from Earth, respectively. Since the dis-
tance of O from Earth is D ’ 650 kpc, we have R(r) = (r2+D2−2rDcos)1=2,
where  is the angular separation between P and O as seen from Earth. For
simplicity, we suppose that the M31 halo is described by an isothermal sphere





Note that the ensuing amount of dark matter in M31 turns out to be about
twice as large as that of the Galaxy.
According to the discussion in Section 2, the dark clusters should populate
only the outer halo of M31. So, we compute  M31γ halo from regions of the M31
halo with Rmin < R < RH , with Rmin ’ 10 kpc and RH ’ 100 kpc, for
deniteness. As it is easy to see, the values of  corresponding to Rmin and
RH are min ’ 10 and H ’ 90, respectively.
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1:9 1020 cm sr ;
(44)
with rmax(min)()  Dcos + (−)(R2H − D2sin2)1=2. Recalling eqs. (40) and
(42), we get
 M31γ halo(> Eγ) = 1:9 1020f
(0)
mp
I2(> Eγ) γ cm
−2 s−1 : (45)
Observe that regions of M31 halo with angular separation less than min from
O do not contribute in eqs. (44) and (45), and so  M31γ halo should be regarded
as a lower bound on the total γ-ray flux from M31 halo.
Specically, eq. (45) yields
 M31γ halo(> 0:1 GeV) ’ 3:5 10−7f γ cm−2 s−1 : (46)
This value has to be compared both with the γ-ray flux from M31 disk and
with the γ-ray emission from the halo of the Galaxy. The former quantity has
been estimated to be ’ 0:210−7 γ cm−2 s−1 for Eγ > 0:1 GeV [77,78] within
a eld of view of 1:50  60, whereas the latter quantity, integrated over the
entire eld of view of M31 halo, is ’ 4:3 10−7 γ cm−2 s−1 for Eγ > 0:1 GeV,
according to our results in Section 6 and 7. 14
As far as observation is concerned, no γ-ray flux from M31 has been detected
by EGRET. Accordingly, the EGRET team has derived the upper bound [79]
 M31γ (> 0:1 GeV) < 0:8 10
−7 γ cm−2 s−1 : (47)
Unfortunately, a direct comparison between eqs. (46) and (47) is hindered by
the fact that eq. (47) is derived under the assumption of a point-like source.
Clearly, a good angular resolution of about one degree or less is necessary
in order to discriminate between the halo and disk emission from M31. So,
14 For simplicity, we suppose here that the halo of the Galaxy is spherical and we
employ eq. (40) with f = 1=2.
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the next generation of γ-ray satellites like AGILE and GLAST can test our
predictions.
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